Abstract-Existing hybrid ultrasound/RF positioning systems usually measure ultrasonic time-of-flight. This operation requires a wide bandwidth and this makes it rather noise sensitive, limiting the useful range. Therefore a new system is proposed where only the room-indicating capability of ultrasound is utilized and combined with RF. A portable tag obtains the room location by receiving a narrow bandwidth signal from a stationary ultrasound transmitter. The result is then relayed back over RF. This combines the high accuracy of ultrasound to pinpoint exactly the room location with the high communications capacity of RF that enables tracking of hundreds of simultaneously moving tags. Secondary parameters that may aid in refining the position such as ultrasound signal level and velocity may also be measured. In addition to the increased capacity, the use of portable receivers instead of transmitters, as in ultrasound-alone indoor positioning systems, also has the advantage of reduced user exposure to ultrasound due to the larger distance to the transmitters.
INTRODUCTION
Ultrasound in a positioning system is usually associated with high accuracy in the cm-range, but a rather low range and often low robustness to external disturbances. Therefore, it is seldom used alone, but combined with other technologies. The largest family of hybrid systems is based on combination with RF. Several such systems have been described.
The Active Bat system [1] uses ultrasonic receivers in the ceiling. Each portable tag is polled over a 433 MHz radio channel and then emits an ultrasonic pulse which is used for a time-of-flight measurement. It requires finding the distance to a minimum of three reference nodes and then uses them to compute the position with an accuracy of a few cm. The Cricket system [2] has a similar accuracy, but the direction of ultrasound transmission is reversed. Its portable tags are ultrasound receivers that measure time-of-arrival based on the RF trigger pulse. The measurement is then returned over RF for computation of position. In the Dolphin system, each node has both ultrasound and RF receivers and transmitters. It also features a distributed algorithm to lower configuration costs. In [3] an accuracy of around 15 cm was reported.
All of these systems combine ultrasound and RF and are based on estimating time-of-flight based on the slow travel time of ultrasound compared to RF. A requirement of such systems is line of sight. This is their first disadvantage. Reference [4] therefore discusses a different kind of hybrid system that will provide results even when line of sight is lost from time to time, saying that one can address most of the shortcomings by combining acoustic sensors with others that have complementary characteristics, e.g. inertial sensors. In such hybrid systems the inertial sensors provide the basic accuracy and ultrasound-at a low update rate and when available-is used to reset the drift inherent in systems based on e.g. accelerometers.
In addition to the requirement for unobstructed line-of-sight, there is another, often more serious shortcoming with ultrasound time-of-flight systems. In order to get accuracy, one must find time-of-flight within a few wavelengths (at 40 kHz the wavelength is 8.5 mm). Depending on the signal to noise ratio, such an estimator may require several kHz of bandwidth and this makes it very sensitive to the background noise. For this reason [4] also says that they have yet to see a purely acoustic tracker that doesn't go berserk when you jingle your keys. Later in this paper an analysis of the link budget will show why this is so. The best designed ultrasound systems may not be as bad as 'go berserk', but they will just stop working. A well-designed hybrid system may then fall back to the alternative technology for positioning. This goes in particular for inertial sensors, but potentially also RF.
Thus the systems based on ultrasound time-of-flight are fine for applications which require very high location accuracies, and where one can live with the short range and the drop-outs. But for applications requiring larger ranges and high reliability, such as when positions are required for an entire building other approaches must be pursued.
It turns out that in many applications, it is not really required with accuracy in the cm range, but rather longer range and more robustness. Ultrasound shares the property with audible sound that normal rooms and offices are well isolated for it. Like speech in a closed room in a well-designed building, ultrasound cannot be detected outside of the room. This is a unique property of ultrasound that is not shared with RF.
This has given rise to ultrasound systems that are used for indoors positioning with room-level accuracy. This can also be called positioning by confinement. Based on the analysis of [5] , [6] , it is shown here that this makes the system much more robust as time-delay estimation is no longer needed. Instead one needs to establish communications and transfer a short message with identity information. This can be done in a bandwidth of a few tens of Hz rather than kHz. Hence the much larger tolerance to realistic background noise levels. Also, due to the reflecting properties of the walls, the floors, and the ceiling, line-of-sight is not required.
This first generation of ultrasound room-level accuracy indoors positioning systems have proven to be useful in e.g. tracking of assets and of personnel. Still they have several shortcomings which limit their usage. First among them is a low update rate. This leads to a relatively large probability of missed items if several objects are to be located in a room within a short time frame. Second there is a possibility for close proximity between the ultrasound transmitter and the human ear when the transmitting tags are worn by humans. This can lead to ultrasound exposure levels that are higher than desired.
The contribution of this paper is to address how room-level ultrasound can be combined with RF to overcome these drawbacks. This represents a new kind of hybrid systems. They do not have the low reliability of the hybrid systems based on time delay estimation and in contrast to active RFID-systems they will have room-level accuracy with 100% reliability in practice. They also inherit the high update rate and large capacity inherent in RF systems.
One of the main differences from the ultrasound indoor positioning system of [5] , [6] is that the direction of flow of ultrasound is reversed, so the need for humans to wear an ultrasound transmitter is eliminated. This makes it possible to increase the distance between humans and the high-level ultrasound transmitter to several meters. Although there is no clear consensus on the value of ultrasound exposure limits, the proposed system is more in accordance with the ALARA (As Low as Reasonably Achievable) principle with respect to exposure. This paper starts with a review of the properties and design of ultrasonic time-delay and room-level positioning systems. Then the accuracy of active RFID systems is briefly reviewed. The core of the paper is a description of the hybrid combination of ultrasound and RFID. The key to performance is to avoid measurements that are error-prone and second to send as little information as possible over the slow ultrasound link. The time-delay measurement is avoided and in addition to the establishment of communications as a criterion for successful location or detection, we also describe some other parameters that may aid in refining the position. The two examples given here are received signal strength and velocity (Doppler shift), which both are much more robust than time-delay estimation. Finally results from real-life tests are presented.
II. BACKGROUND

A. Range predictions for time delay estimators
Why do time-delay or time-of-flight systems break down so easily when exposed to noise? The performance is directly related to the signal to noise ratio at the receiver. The analysis of the link from the ultrasound transmitter to a receiver will therefore provide the answer. This is similar to that of other one-way systems, e.g. passive sonar or satellite links. The range can be predicted from the passive sonar equation in a similar way as in [6] :
Here SL is the source level in dB at range R0 (usually 1 m), PL is the propagation loss, due to spreading 20log10(R/R0) and attenuation αR, NL is the noise level, and DT is the detection threshold in dB.
At ultrasound frequencies, background noise level measurements can be found in [7] . It gives a level of 70-80 dB SPL (Sound Pressure Level in dB relative to 20 μPa) in the range 20-60 kHz in an industrial environment at a 3 kHz measurement bandwidth. Air tools are the worst and may produce levels up to 100 dB SPL. We have used a level of 70 dB level in our estimates, but it should be noted that the noise level may actually be up to 30 dB higher. The equivalent spectral density for 70 dB SPL is 70 dB-10 log(3000) = 35.2 dB/Hz. At audio frequencies a background level for a quiet library is about 40 dB SPL. We have used this value at ultrasound also as representative of a low level background. Thus there may be a variation in background noise level of +/-30 dB. The large variation is one of the factors that distinguishes ultrasonic systems from radio communications systems. It also explains why systems that seem to work perfectly over a long range in a quiet lab may easily break down in real life.
A time-delay estimator system using Murata MA40S4S sensors now follows. It is capable of a nominal output of 120 dB SPL @ 0.3m or SL=110 dB SPL at R0=1 meter at 40 kHz. The propagation loss consists of spherical spreading and attenuation which increases with relative humidity from α=0.27 dB/m (0% RH) to a maximum of 1.25 dB/m for 40% RH at 20 ºC and 1 atmosphere pressure [8] . The critical parameter is the processing bandwidth which needs to be large in order to enhance accuracy in the time delay estimate. Here a relative bandwidth of 10% is assumed, i.e. BW=4 kHz. The noise spectral density is assumed to be 35.2 dB/Hz as found above.
In the worst case (40% RH), the range can be found from Thus one cannot guarantee that the range will be adequate under all conditions, i.e. the system may not be robust enough for a room-level system. On the other hand, this means that there is a niche for short-range systems. Examples are pen digitizers for a writing pad or for a whiteboard. A system for pen tracking for a handwriting digitizer using infrared and ultrasound for time-of-flight estimation is described in [9] . These applications require even wider bandwidths than 4 kHz due to the need for accuracy in the mm range, so this has a negative effect on robustness. On the other hand it is an advantage that often in an office environment the noise level can be guaranteed to be less than the maximum used in our analysis, and in particular at higher frequencies such as 80 kHz which is often used [9] . The additional attenuation at the higher frequency plays little role at such low ranges.
It should be noted that a fairly high source level of 110 dB is used in the analysis of Fig. 1 . This is only 10 dB below the threshold of pain in the case of audible sound (1 kHz). Often the source level in a practical positioning system may be lower than this, meaning that the predicted range will be even smaller. This increases the probability further that a room-level system will stop working reliably in a noisy environment. On the other hand, an even higher source level may be desired in order to increase reliability. One may easily then approach levels which are considered too high in view of guidelines for ultrasonic exposure (see Chapter IV). 
B. Room-level positioning based on ultrasound alone
The papers [5] , [6] describe what may be the first successful ultrasound room-level positioning system. The core of the positioning system is a multi-user 40 kHz ultrasound communications system which works fairly consistently over ranges of 10 meters and more.
The first successful tests of the communications method were done in early 2000 using frequencies of 18-20 kHz and an audio amplifier/ loudspeaker driven from a PC sound card. The system was designed on a background of several failed attempts from various engineering groups at making such a system. The key to success was three ideas that may have differed from what others may have had.
First, many communications engineers are too focused on bit rates and find it hard to think that anything can be accomplished unless one has bit rates measured in kbit/s or even Mbit/s. The key to success with ultrasound positioning in this case is to accomplish it all with a communications rate of a few tens of bits/s.
Second, many engineers think in terms of sustained bit rates, not in terms of burst transmission. With bursts, training sequences may easily become longer than the actual data to be transmitted. Therefore simple and robust modulation and coding schemes are favored over sophisticated methods that require training.
Third, the indoors scenario has little resemblance to the environment which radio communications systems are designed for. As shown in [6] , the scale with respect to multipath (reverberations) and Doppler shifts are orders of magnitude larger. The closest equivalent is speech communications, and the second closest one is underwater acoustics [10] , [11] .
In underwater communications, one can find commercial systems for e.g. control of remote subsea oil wells. In such an application reliability is essential and bit rates may be as low as 10-50 bits/sec. Such systems served as the model for the design of the system in [5] , [6] .
The system is based on active portable transmitters ('tags') that transmit a unique identification code at 40 kHz. These tags can be attached to assets or be worn by personnel. The ultrasound message is received by stationary ultrasound detectors that decode the message. At least one such detector needs to be in each room. There is no need for estimation of time-of-arrival or time difference-of-arrival.
A range prediction for such a system is similar to that of Fig. 1 except that the bandwidth now is 25 Hz rather than 4 kHz, thus lowering the noise level by 22 dB. The minimum range is about 14.3 meters, as noted by the circle in Fig. 2 . But with the same variation in background noise level as before, the actual range may be anywhere between 3 and 34 meters. In practice the useful maximum range is 10-20 meters and by making a comparison with the range for speech [6] , it was found that the range predictions are comparable. The channel efficiency of the system was found to be somewhat less than for human speech which also has to deal with a similar environment. This comparison was done by using the Shannon channel capacity theorem.
This system only has a one-way ultrasonic communications channel. The handling of multiple transmitters cannot therefore be very sophisticated as multiple access control is accomplished by having an ultrasound receiver in each tag that ensures that the likelihood of two tags transmitting simultaneously is small. Each tag will listen for a clear channel before it attempts to transmit using a carrier sense multiple access (CSMA) protocol [5] .
The simple multiple access protocol and the low propagation speed mean that there is a real chance for message collisions.
To illustrate this, assume that two transmitters are 8.5 m apart, or 8.5m/340 m/s = 25 ms of travel time. Thus transmitter 1 may listen and hear a clear channel, while at the same time transmitter 2 starts transmitting. Transmitter 1 will not hear transmitter 2 until 25 ms later, but by then it may already have decided that the channel is clear and have started its own transmission. The result is a collision and no comprehensible message will be received.
The simple protocol also means that it is hard to ensure that all transmitters get through when there are many transmitters present. Assume that there are many transmitters in a room, and they all want to send a message. Transmitter 1 sends, and the others listen and wait. Then transmitter 2 sends and the others wait, transmitter 3 sends and so on. But in order to increase reliability, transmitters may have been set up to repeat their messages after a while. So instead of transmitter 4 sending, maybe transmitter 1 transmits again. As the system has no way of prioritizing transmissions, it is as if the order is reset for each transmission. Some transmitters may therefore get seldom through and others get through much more often. The safest way for near-equal priority is to set up a large repeat interval per transmitter, but this impacts the overall throughput that may easily fall to less than 0.5 locations per second per room (not per tag). If several people wearing tags move quickly from room to room, there is therefore a real chance that some vital positions will be missed in several of the rooms.
Despite these limitations, a small scale version of the system was tested in [12] and found to have greater zonal accuracy and reliability than similar RFID systems. Because of its 100% room-level reliability, it was also described in a feature article in Scientific American in 2008 [13] . These desirable properties of the system are also taken care of in the hybrid system described later.
C. Active RFID
In order to establish a point of reference, positioning based on active RFID will also briefly be reviewed. Such systems can be based on trilateration and/or on fingerprinting from signal strength. The latter is more reliable, but due to the difficult propagation environments in buildings, [14] says that using 802.11 technology over a range of algorithms, approaches and environments, one can expect a median localization error of 10ft and 97th percentile of 30ft. They also present strong evidence that these limitations are fundamental and that they are unlikely to be transcended without fundamentally more complex environmental models or additional localization infrastructure.
There may be systems that have better software models for e.g. target behavior and movement and for RF propagation than what [14] refers to and thus achieve better than 3 meter median error and have smaller outliers than 10 meters. Also some systems may combine trilateration and signal strength measurements to achieve better accuracy when signals are of high quality. Still there is clearly a basic limit to accuracy with active RFID. In an indoors environment, the presence of the outliers may result in objects being located in adjacent rooms or even on adjacent floors. This is highly undesirable for such a positioning system. The inherent absence of such outliers in ultrasound room-level positioning system is what makes them attractive in a range of applications.
III. HYBRID RFID-ULTRASOUND SYSTEM
We propose to combine the excellent zonal accuracy of narrowband ultrasound systems with the high data capacity of active RF systems. This will alleviate the possibility for RFsystems to give a position in the adjacent room, and it will solve the capacity problem of systems using wearable active ultrasound transmitters for room determination. The first thing that needs to be done is to minimize the data transfer over ultrasound. This means changing the direction of ultrasound transmission. In this way, our proposed system resembles the Cricket system [2] , but here there is no need for the unreliable estimation of ultrasound time-of-flight of Cricket or other wideband ultrasound systems [1] , [3] .
Instead of having many ultrasound transmitters and a single receiver in a room [5] , we use one stationary transmitter, and several wearable receivers. Thus, where the ultrasound-alone system needed to have a transmission of ultrasound from each tag to the stationary receiver, the new system only requires a single transmission from the stationary transmitter to all the portable receivers at the same time. This gives almost instantaneous room identification and the capacity is vastly improved. Further, whether there is only one tagged item in a room or 100 makes no difference. After reception, the IDs then have to be transferred over the RF-system back to the infrastructure. But this is not a big deal for a properly designed RF communications system in terms of capacity and communications speed. The change of direction of the ultrasound propagation may also have a positive effect on battery size as there is no longer a need to supply power to the relatively high-level portable ultrasound transmitter.
The RF-system here can be of several different variants. It can be based on WLAN or it can be a proprietary system operating in one of the ISM-bands. The simplest configuration is to use it just as a communications system which provides the backbone communications for the ultrasound-based room positioning system. In that case, each room needs to be fitted with ultrasound transmitters.
This principle was also used in the Walrus system (Wireless Acoustic Location with Room-level resolution using UltraSound) of [15] . Here laptops or palm-tops equipped with WLAN and a sound-card were programmed and carried from room to room. All the rooms had a PC with desktop speakers. A server periodically broadcast the room's data packet simultaneously with a short audio signal at 21 kHz. The portable computers had a simple detector algorithm to detect the presence of the 21 kHz. They found that the ultrasound detection was robust and that they could determine the correct room within a couple of seconds even when the ultrasound emitting PCs were not synchronized.
The second alternative is that the ultrasound is an add-on to an RFID system. The RFID provides its own positions based on trilateration or signal strength. In this case, ultrasound transmitters need to be added only in critical rooms or zones where it is vital that the correct room is picked reliably. However, this configuration also opens up for the possibility that the ultrasound system can be used to provide additional information that may aid the RFID system in refining its positions. Two such parameters are proposed here. The only prerequisite is that the parameters can be measured in the same small bandwidth as that which is required for communications, e.g. typically 25 Hz at 40 kHz. This excludes time-of-arrival.
The first parameter which is simple to measure is the ultrasound level, usually called RSSI (Received Signal Strength Indicator). In a system which uses e.g. WLAN-RSSI for fingerprinting, ultrasound-RSSI may enhance the accuracy as RF and ultrasound, even when operating in the same rooms, see quite different propagation environments. An example of ultrasound RSSI will be given later.
Another parameter is the Doppler shift. It will indicate the value of the velocity along the direction between the receiver and the transmitter. If a full 2D velocity vector is required, two synchronized ultrasound transmitters can be put in a room.
The Doppler shift has a limitation in that it can only be interpreted correctly if there is direct line-of-sight between the transmitter and the receiver. An example of a Doppler measurement will also be given later.
These secondary measurements can also be added to the ultrasound-alone system described in [5] , [6] . But, since the ultrasound channel needs to be shared among many other transmitters in the room, the update rate will be variable and often very low per tag. In the proposed system it is possible to turn on the room's ultrasound transmitter on demand from the RF-channel and get RSSI and Doppler updates say every 0.5 seconds. This should be adequate for sampling e.g. the movement of humans.
A hybrid RF-IR (infrared) system also shares some of the properties of the system proposed here. But IR is usually less reliable than ultrasound because reflections are fewer so it is more dependent on line-of-sight. Second, IR is often disturbed by e.g. direct sunlight. For these reasons, one has yet to see an IR-alone system, in contrast to ultrasound-alone indoor positioning systems [13] .
IV. ULTRASOUND EXPOSURE AND SAFETY
There does not seem to be international consensus on safety of airborne ultrasound [16] and there are several guidelines regarding exposure levels such as [17] , [18] , and [19] . The latter forms the basis for the US Dept. of Labor, Occupational Safety & Health Adm. Document [20] .
The 1984 [17] and the Canadian 1991 [18] recommendations give 110 dB SPL as the maximum level for occupational exposure in a 1/3 octave band centered on 40 kHz. In addition [17] allows for an increase if the occupational exposure is intermittent. If the exposure of a worker is as little as 1 hour or less per day, it allows an increase up to 119 dB SPL. This is not allowed in the Canadian limits, arguing that subjective effects can occur almost immediately. The most restrictive guideline is [17] in the case of public exposure, when the limit is lowered to 100 dB SPL.
Figure 3 Received signal strength during experiment
On the other hand, the most liberal guideline is the US one [19] which allows for a level of 115 dB SPL. Interestingly, in recent years it has also allowed for an increase of 30 dB when there is no possibility that the ultrasound can couple with the body. The recommendations [17] and [18] only allow exceeding the levels in the previous paragraph if ear protection is worn by workers. But the 145 dB US limits are not generally accepted. As an example, the review of exposure limits in [21] states that the ACGIH may have pushed its acceptable exposure limits to the very edge of potentially injurious exposure in commenting on a 1998 version of [19] with the same limits.
The US limit was used in the assessment of the audio spotlight-a highly directional audio source based on nonlinear mixing in the air of frequencies in the 60 kHz range. At its output level of 121 dB SPL @ 1m, 24 dB under the maximum, [21] concluded that it was safe. In the brief discussion of ultrasound exposure in [6] it was argued that an ultrasound transmitter in a shirt pocket with the transducer pointing upwards transmitting a level of 115 dB SPL @ 1meter would expose the ear to about 125 dB due to the diminished distance (0.3 m). The extra 10 dB is due to the spherical spreading law as 20log(1/0.3) is about 10 dB. It was also argued that this is 20 dB below that of the highest US guideline since there is no possibility for body contact.
However, since then transmitters which are strapped to the user's wrist have been introduced. They have the same output level (up to 115 dB SPL presumably @ 1 m, [23] ). As the wrist may be 0.1-0.5 m from the ears, the exposure in this case can reach up to 20log(1/0.1)=20 dB higher, i.e. up to 135 dB SPL or 10 dB under the maximum US limit at the user's ear. With a firm strap it is also harder to argue that coupling can be fully avoided and the 30 dB increase in the US guideline may not be applicable. If that is the case, there is a possibility that such tags can exceed the exposure limits of all the safety
Figure 4 Measured velocities during experiment (negative velocity is away from transmitter).
guidelines during normal movement of the wrist, not only those of the conservative guidelines.
In any case, the system proposed in this paper, where the portable units only contain ultrasound receivers, exposes humans to lower levels than a system with wearable transmitters. With the uncertainty regarding effects of ultrasound exposure, it is therefore more in line with the ALARA (As Low as Reasonably Achievable) principle. It is easy to ensure that there is a minimum distance of 1 m from a transmitter to a person, thus the maximum exposure level is 110 dB SPL for the transmitter analyzed in Fig. 2 . This is equivalent to or less than the occupational limit of all the guidelines. Often a larger distance can be ensured as the transmitters would typically be mounted in the ceiling. If the minimum distance is 3 m, the maximum exposure will be 20log(1/3) or about 10 dB lower, i.e. 100 dB SPL, which is the public exposure limit of [17] . This is the most conservative value of all the recommendations, and a value at which it is believed that the public may be exposed continuously. In smaller rooms, the output level may also be further reduced, making it possible to guarantee exposure levels below 100 dB SPL even at smaller distances than 3 m.
It should also be noted that systems like Walrus [15] operating at near audio frequencies, fall under even stricter output level limits. Again, the US limits are the most lenient ones with the maximum level being 105 dB at 20 kHz [19] vs. 115 (possibly + 30) dB at 40 kHz. The occupational limit of [17] , [18] has been reduced from 110 dB to 75 dB and the public limit of [17] , is 70 dB rather than 100 dB. Thus in the worst case, the limits may be 30-35 dB lower at 20 kHz than at 40 kHz. The rough square-frequency dependency of attenuation in air will compensate for this to some extent as the attenuation in Figs. 1 and 2 will be about 8 dB less at 10 m range. Still the range will easily be too restricted for guaranteed performance in a noisy environment. 
V. RESULTS
A.
Demonstrator We have designed a demonstrator for the ultrasonic part of the system. It consists of separate ultrasound transmitters and receivers. The portable receiver is based on a low-power 16-bit microcontroller which also has some DSP capabilities. It implements an FSK (frequency shift keying) receiver according to [24] , [25] . The ultrasound receiver runs from a small button cell battery (CR2032) and instead of an RF-link for output of detected ID, RSSI and Doppler shift, the demonstrator will send the data over an RS232 interface.
The transmitter sends a 3-bit code, i.e. IDs in the range 0-7. The transmitter runs from an external power supply and in the experiments its output was an estimated 107 dB @ 1 m.
Experiments
We did experiments in a typical office with dimensions 2.60 m (width), 5.60 m (length), and 2.70 m (height). For convenience, the receiver was stationary and the transmitter moved. The receiver was placed on a table and data logged. The transmitter started at a distance of about 0.4 m from the receiver, then it was moved a distance of 2 m to about 2.4 m away, stopped, then moved another 2 m to about 4.4 meters, stopped and then moved back in the same steps.
Received ID, RSSI and Doppler shift were received for every 0.5 second transmission. Fig. 3 shows the received signal strength as a function of time in relative dB-units.
One can see the general pattern of the movement as the distance increases and then decreases again. In particular one can see that the transmitter is stationary for the first 8 seconds, then there is a pause from 12-18 seconds at the first stop, and a new pause from 22-26 seconds at the most remote position. The next figure (Fig. 5) shows one way the velocity estimate may be used. It shows the integral of the velocity curve, i.e. the actual position along the transmitter-receiver axis, showing the movement in two steps (2 and 4 m) as the distance increases, and then the same steps as the distance decreases.
We then fitted a free-field propagation model to the RSSIlevels, assuming an initial distance of R 0 =0.4 m added to the distance estimates from Fig. 5 . Spherical spreading predicts that the level falls as 20log(R 0 /R). It is indicated as the upper dash-dotted curve in Fig. 6 (red) .
We then added attenuation using α=1.25 dB/m (40% RH at 20 ºC and 1 atmosphere pressure). The sum of spherical spreading and attenuation is shown as the lower dash-dotted curve in Fig. 6 (green) and corresponds fairly well with the measured data. At longer ranges we expect that a simple freefield model is no longer adequate as constructive and destructive multipath interference from the walls etc may play a larger role in determining the amplitude, depending on the size and properties of the room.
VI. CONCLUSION
Hybrid RF/ultrasound positioning systems which rely on a measurement of time-of-flight have been analyzed. Their lack of robustness to external noise and their low range have been found to be caused by a combination of large bandwidth and a widely varying background noise level in realistic environments. Often the high cm-accuracy of these systems is not needed, and therefore a new system is proposed where the ability to communicate a short ultrasound message is used rather than a time-delay measurement. This can be done in a bandwidth of a few tens of Hz, and this makes the system much more robust. In this way the role of the ultrasound resembles that of ultrasound-alone indoor positioning systems. The major difference is that the direction of ultrasound is reversed. The transmitters are stationary, and the receivers may be attached to people or equipment. After the ultrasound message is received it is transmitted over RF to e.g. a central server.
In this way, the best of both worlds is achieved. First one gets the ultrasound system's ability to precisely indicate which room an item is in, and second one obtains the RF-system's ability to communicate quickly. It is shown that this leads to a much more robust system than previous hybrid systems based on a time-delay measurement. It also gives a system with much higher capacity than a system using ultrasound alone. Due to the avoidance of transmitters that need to be worn, it also results in less exposure of the user to ultrasound than systems using ultrasound alone. The paper also gives examples of secondary measurements that may be found in the same small bandwidth such as ultrasound received signal strength and Doppler shift. They may aid an RF-based system based on e.g. fingerprinting of RF-signal strength in further refining its position once the correct room has been determined.
